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THESE effects, which are found in metals generally, have all been 
known for some fifty or more years, but because of their commercial 
unimportance they are unfamiliar to the general scientific public and 
even to most physicists. They are, however, of considerable interest 
to those who strive to form a satisfactory theory of electric and thermal 
conduction in metals. 

Their characters and the sign conventions which have become 
attached to them are illustrated in Figures 1 to 4. The rectangle in 
each figure represents a plate of metal through which flows, in the 
direction of the arrow-heads, either a current of electricity, FE in (1) 
and (2), or a current of heat, 7 in (3) and (4). In each figure the 
metal plate is subjected to a magnetic field of force the direction of 
which is indicated by the directions of the arrows on the large circle, 
the circle representing a winding of the coil of the electromagnet. 

In Figure 1 the magnetic field produces and maintains a difference 
of electrical potential at points exactly opposite each other on the 
long edges of the rectangle, and if two such points are placed in circuit 
with a galvanometer a current of electricity passes through it. Re- 
versal of the magnetic field reverses the transverse potential-gradient 
in the plate and so reverses the direction of the current through the 
galvanometer. This is the Hall effect. 

But the same conditions which give this effect set up a transverse 
temperature-gradient, the direction of which depends on the direction 
of the magnetic field. This is the Ettingshausen effect. It can be 
detected and measured by attaching a thermo-electric Junction at a 
point on the upper edge of the plate and a similar junction at the 
opposite point on the lower edge of the plate, each of these Junctions 
being part of its own thermo-electric circuit including a galvanometer 
coil. See Figure 2. 

In Figures 3 and 4, illustrating the Nernst and the Righi-Ledue 
effects, respectively, the galvanometer connections are omitted. 

During the last few years I have given much attention and physical 
labor to the problem of getting reasonably accurate measurements of 
these four transverse effects in copper at various temperatures ranging 
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ia. 1-4. Diagram defining the four transverse effects. 


from about 20° C. to about 90°. I have used the same general method 
which I used and described years ago,! but with many changes of detail. 


1 Physical Review, vol. 26, (1925), pp. 820-840. 
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I have worked with copper for various reasons: it is easily obtained 
in a state of high purity; its general electrical and thermal properties, 
with which the transverse effects must be coordinated in any satis- 
factory theory of conduction, are well known; it presents compara- 
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Iria. 5. General view of the mounting and connections of the plate. 


tively simply thermo-electric conditions, because at certain vital 
points copper-to-copper connections can be used. It is true that the 
effects in question are smaller in copper than in some other metals, 
but I have worked with the encouraging reflection that a method of 
measurement found satisfactory with copper would work even better 
with other metals. 
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My aim has been to measure the four effects with an accuracy of 
one per cent at each of three temperatures, and though I have prob- 
ably fallen somewhat short of this mark, especially with the Ettings- 
hausen effect, I feel that I have obtained results worth publishing and 
have developed a method worth describing in some detail. 

As before, I have used for my study a piece of metal, ?P in Figure 
5, about 5 em. long, in the clear, between brass blocks, BB and BB, to 
which it is soldered at the ends, and 2 cm. wide. But, whereas in 
previous measurements with non-magnetic metals I have used strips 
about 0.011 cm. thick, the thickness of this piece of copper is about 
0.097 cm. 
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Fic. 5a. Details of the wire connections of the plate. 


This increase of thickness, made practicable for my experiments by 
the use of improved apparatus, electromagnet and galvanometer, has 
brought many advantages. First, there is less danger of distortion of 
the plate under the stresses to which it is subjected. Second, uncer- 
tainty as to the effective width of the plate is greatly reduced by the 
fact that the junctions (shown but not lettered ‘at the mid-points of 
the upper and lower edges, respectively, of the plate PP in Figure 5 
and 5a) by means of which the various transverse effects are measured, 
are now made on the thickness dimension of the plate, whereas they 
were previously made near the edge of the width dimension and so 
encroached upon and practically reduced this width. Third, errors 
due to uncertainty regarding temperature gradients within the plate, 
as affected by interchange of heat between the plate and its sur- 
roundings, are lessened nearly in proportion as the thickness is 
increased. 
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MOUNTING AND CONNECTIONS OF THE COPPER PLATE 


The manner in which the plate, with its attachments, is mounted 
and held must be described in some detail. It is essential that the 
plate shall not change position appreciably upon reversal of the mag- 
netic field, which in the Hall and the Ettingshausen effects exerts a 
“ponderomotive” force of about 600 grams tending to push the plate 
upward or downward across the lines of the field. But opportunity 
must be given for the plate to expand in length without bending, 
when it is heated. 

In Figure 5, W W W W isa board, a common small drawing-board, 
re-enforced at the back of its mid-part to a total thickness of about 2.5 
em. by a disk of ply-wood screwed on. <A circular hole 6.4 em. in 
diameter is cut through this board and across this hole the plate PP 
is held by the supporting, water-channeled, brass blocks BB and BB. 
One pole piece is shown extending into the hole behind the plate. 
Each of the blocks BB rests upon a ledge L of wood about 0.3 em. 
thick and each is bolted to the board. But, in order to allow free 
longitudinal expansion of the plate during heating, the nuts on the 
bolts of the right-hand BB are left slightly loose, and a spiral spring, 
attached to the outer end of this BB, is intended to overcome the 
friction of this block on its support during the expansion of PP. 
(This spring is not needed when PP is of copper, but may be of use 
when a softer metal, silver or gold, is used.) To keep the movable 
BB pressed securely against the ledge L when the direction of the 
“ponderomotive” force of the field is upward, a spring S pushes down 
upon BB. The left-hand BB is bolted tightly to the board, split 
washers being used under the bolt-heads, but for greater security a 
down-pressing spring acts upon it also. <A pin, p, reaching through 
the thinned end of this BB and into the board, is useful in preventing 
lateral movement of this block when its bolts are loose. 

To prevent the supporting board WW WW from rocking or 
turning on the magnet pole, two screws at the bottom of the board 
are used as Figure 5 indicates, bearing against a stop carried on the 
magnet base between two guides g and 4g. 

The technique of making the many soldered connections of the 
plate PP is perhaps worth describing. First, the connections with 
the blocks BB: 

¢xamination of Figure 6, which is a horizontal section through PP, 
BB, BB, and the pole-pieges of the magnet, will show that one face of 
PP, the rear one in Figure 5, is in the same plane with the correspond- 
ing surfaces of the blocks BB and with one surface of the board, the 
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306 HALL 
one shown in Figure 5. To make the soldering now in question the 
blocks are placed upon a brass plate, so fashioned that they can be 
held upon it properly aligned and spaced to receive PP, with the 
surfaces where the soldered joints are to be made facing upward. 
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hic. 6. Horizontal cross section through the middle of the plate and the 
surrounding apparatus. 


These surfaces and the corresponding parts of PP are “ tinned”’ with 
solder and the plate is put in position on the blocks, the length of the 
lap at each end being about 0.3 cm. ‘ 

Then a block of brass, about 5 cm. tall and of such a base as to 
cover PP almost completely but leave a little uncovered area at 
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each end, is placed upon PP. This block is now heated by a flame, 
which does not touch PP, till the “tinning”’ solder beneath each end 
of the plate is melted and flows under the weight of the block. A 
little more solder is now fed in where it seems to be needed at each 
junction and the whole affair is then allowed to cool, the block remain- 
ing in place. During the whole of this operation one of the blocks BB 
is bolted firmly to the supporting brass plate but the other one must 
have freedom to move slightly, lengthwise, to allow for the longitu- 
dinal expansion and contraction of PP during heating and cooling. 
A current of steam flowing through the channels of the blocks BB, 
and through a channeled block of brass placed under PP, helps in 
this soldering process. 

The fine-wire connections of the plate, though indicated in Figure 
5, are seen to better advantage in the larger-scaled Figure 5a. At the 
mid-point of the upper edge of PP is soldered a thermo-electric Junc- 
tion consisting of a no. 36 copper wire and a no. 36 constantan wire, 
twisted together. This junction is made by a method illustrated in 
Figure 7 of my paper in the Physical Review for December, 1925, and 
it is soldered within itself before it is attached to the plate. The 
method of attachment is this: The brass plate carrying PP and the 
blocks BB is placed and secured in such a way that the plane of PP 
is vertical and its longer edges are horizontal. A small soldering-iron, 
mounted in such a way that it can move in a vertical plane only, is so 
adjusted that its tip, filed to a rectangle about 0.1 cm. long, corre- 
sponding to the thickness of the plate, and 0.05 cm. wide, can be 
brought quickly and squarely down upon the upper edge of PP at the 
point where the copper-alloy junction is to be attached. A bit of 
soldering flux having been placed on this point, the soldering iron, 
carrying a little solder at its tip and strongly heated, is turned quickly 
on its bearing till its tip rests for an instant on the designated spot of 
the plate and is then lifted. If everything has gone well, a little 
mound of solder will be left firmly adhering to the plate at the desired 
spot. 

With a thin-edged file a narrow valley is cut through this mound in 
the direction of the thickness of the plate. In this valley, or groove, 
the copper-alloy twisted junction is laid. The process of making this 
junction has left four wires extending from it, two from each end, 
several centimeters long. By a proper use of these wires the junction 
‘an be held in place in the groove described while another descent of 
the heated soldering iron fuses the solder about it and makes a neat, 
firm attachment. The two wires leading from one end of the twisted 
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junction are now cut off, the two at the other end being left for making 
contacts with the galvanometer circuit. 

These contacts are made by way of the straight no. 28 wires which 
Figure 5a shows as passing under PP in the direction of its width, 
vertically. The one of these wires that lies farthest to the right, aa, 
is of constantan alloy; the one next it, marked cc, is of copper. The 
no. 36 alloy wire from the junction on the upper edge of PP, left about 
1 em. long, is soldered at its outer end to the right-hand no. 28 alloy 
wire. The no. 36 copper wire from the junction, left also about 1 cm. 
long, is soldered at its outer end to the no. 28 copper wire. 

The no. 28 wires are held in position, and are kept reasonably 
straight during the expansion of heating, by soldering them, above PP, 
to the heads of small brads or screws driven into the board and, 
below PP, to the ends of bent springs, consisting of phosphor-bronze 
strips which reach (see Figure 5) through a slot in the board. These 
springs start from the rear surface of the board; they exert a steady 
pull upon the wires. 

The no. 28 copper wire to which the no. 36 copper wire of the junc- 
tion on the upper edge of PP is connected leads off, through an all- 
copper path, to one set of coils in a differential galvanometer. The 
corresponding no. 28 alloy wire is soldered at its upper end to a finer 
wire of the same alloy, and this finer wire runs to the top of a brass 
block, bb in Figure 5. descends nearly to the bottom of a cylindrical 
chamber therein, then turns upward and at mid-height of the chamber 
meets a fine copper wire, to which it is soldered. This makes the 
second, or outer, junction of the thermo-electric couple which has its 
other junction on the upper edge of PP. The fine copper wire, c’, 
leading from the chambered junction, connects with an all-copper 
line reaching to the set of galvanometer coils already referred to. 
The thermo-electric circuit thus completed I shall call the upper 
circuit, because it starts from the junction on the upper edge of PP. 

A similar thermo-eleciric circuit, starting with the copper-alloy 
junction on the lower edge of PP and having its other junction in 
another chamber of 5d, includes a different set of galvanometer coils. 
This will be called the lower circuit. Connections are made in such a 
way that warming the junction on the upper edge of PP and cooling 
the junction on the lower edge cooperate to produce a movement of 
the galvanometer index. 

The brass block bd, in the chambers of which the outer junctions are 
placed, is channeled for the flow of water, to control its temperature, 
the same stream of water that passes through one of the pole-caps 
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presently to be described. The chambers in bb are lined with rather 
thick paper, partly for electric insulation and partly to minimize 
fluctuations in the junction temperatures due to short-time fluctua- 
tions in the temperature of the water stream. Each chamber is 
closed at the top by a hard-rubber plug in which the wires entering 
the chamber are held. 

In work at the higher temperatures no effort is made to raise the 
temperature of the electromagnet, which remains not very different 
from that of the laboratory room. It is, however, important to have 
the immediate surroundings of the plate PP as nearly as may be equal 
to the mean temperature of the plate itself. Accordingly each pole- 
piece of the magnet is covered by a close-fitting metal cap channeled 
for the flow of temperature-controlled water. The cap is, as its name 
would indicate, closed at one end, and in this end a disk of stainless 
steel, about 0.4 em. thick and in diameter equal to the pole-piece, is 
held between two thin plates of brass.! See s and s in Figures 6 and 7. 
The water stream enters the cylindrical part of the cap radially near 
the open end, runs along a grooved channel, parallel to the axis of 
the cylinder, till it reaches the cylindrical surface of the steel disk, 
there divides into two streams which run in opposite directions for 
180° circumferentially around the disk and then reunite, going out 
as a single stream by a channel similar to the entering one. See 
Figure 7 which shows a vertical section parallel to lines of the magnetic 
field. 

The cap is thermally insulated from the pole-piece which it covers. 
The water runs downward through each pole-cap and before reaching 
the southern one, the right-hand one in Figure 7, it passes through 
the block 6b, of Figure 5, which, as already told, contains within its 
chambers the outer junctions of the upper and lower thermo-electric 
circuits. The external diameter of the pole-caps is slightly less than 
the diameter of the hole cut in the board behind PP (Figure 5), so 
that the southern cap projects into this hole and its flat end is about 
0.25 em. distant from the plate. 

The water stream which runs through the northern pole-cap, the 
left-hand one in Figure 7, runs later through a brass block, 6’b’, be- 
neath which, on a thin wooden bridge, lie the junctions where no. 36 
alloy wires leading from the points 1’, 2’, 3’, 4’, 5’ on PP (see Figure 5) 


The use of the stainless steel disk is to make the gap of non-magnetic 
material between the pole-pieces shorter than it would be if the pole-cap were 
made entirely of brass. If the pole-caps are made entirely of steel, they tend 
to slide off the pole-pieces when the magnetic field operates. 
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are soldered to no. 28 alloy wires. These junctions are insulated from 
the block b’b’ by a thin sheet of mica. Block b’b’ is not shown in Figure 
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lic. 7. Vertical cross section through the middle of the plate and the 


surrounding apparatus. 


5, but the positions of its ends are there indicated by dotted lines 
running across ww, which is the wooden bridge already mentioned. 
A cross-section of this bridge is shown facing 6’b’ in Figure 7, and one 
of the wire junctions lving between is there indicated. 
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The object of this meticulous arrangement is to control the tempera- 
ture of the junctions mentioned and to keep them all at very nearly 
the same temperature, even when the direction of the longitudinal 
heat flow through PP is reversed. For these junctions lie in the 
thermo-electric circuits by means of which the longitudinal tempera- 
ture gradient along PP is measured during the study of the Nernst 
and the Righi-Leduc effects. Different sizes of the same kind of alloy 
usually have a considerable difference of thermo-electric quality. If 
we can keep all the junctions just mentioned at the same temperature, 
and if the junctions of the no. 28 alloy wires with the copper wires, to 
which they must be joined somewhere on the line to the galvanom- 
eter, can be kept at one temperature, we at least approximate the 
desired condition of things. This condition is that the only thermo- 
electric forces operative will be those which lie in the couple consisting 
of two of the no. 36 alloy wires soldered to the plate PP, for example 
those at points 1’ and 2’ (Figure 5), and the part of the copper PP 
which lies between these points. The junctions of the no. 28 alloy 
wires with copper wires lie in a thermostated oil-bath kept a little 
above the temperature of the room. 

The points 1’, 2’, ete., lie at 1 cm. intervals, nearly, along a line 
about halfway between the lower edge and the middle line of PP. 
The temperature gradient along the 1’ to 5’ line is probably more 
nearly the average gradient for the whole width of the plate than the 
gradient along the middle line or that along an edge would be. 

At each of the points 2” and 4” on PP, best seen in Figure 5a, is a 
twisted and soldered junction of no. 36 copper and no. 36 alloy wire, 
hut these junctions are not soldered to PP. Each rests on a thin flake 
of mica cemented to PP by means of glyptol, and each is cemented to 
the mica beneath it in the same way, the glyptol being well baked on 
by hours of heating well above 100° C. The wires az and a, leading 
from these junctions meet each other in a soldered joint, not shown in 
Figure 5a, about 1 em. above the upper edge of PP. The wires ¢2 and 
ce, leading from the junctions run, by lines not shown in the Figures, to 
connect with the similarly marked copper wires projecting to the 
left from beneath the brass disk, d, shown in the upper right-hand 
corner of Figure 5. Behind d, as the dotted lines indicate, the fine 
copper wires ¢2 and ¢4 are joined to heavier copper wires, which lead off 
to the galvanometer. Under, or behind, these junctions is another, 
equally large, brass disk fastened to the board, which is there cut 
away to a depth of about 0.3 cm., the thickness of the disk. The 
junctions are electrically insulated from the disks by thin sheets of 


“he 
i 
x 
Z 
é 
j 
: 
ing. 


312 HALL 


mica. The object of this arrangement is to keep the two junctions 
very nearly at the same temperature with each other, though this 
temperature may change somewhat with change of direction of the 
heat-flow in PP. 

The junctions 2” and 4”, which are about 2 cm. apart, are of great 
use in measurements of the Ettingshausen effect, for, though no 
longitudinal temperature-gradient along PP is needed or desired in 
such measurements, an appreciable one is likely to exist because of the 
Peltier effect produced by the passage of the strong longitudinal 
electric current (see Figures 2 and 5) from brass to copper at one end 
of PP and from copper to brass at the other end. This accidental 
longitudinal temperature-gradient is very troublesome, because it 
produces a Righi-Leduc effect (see Figure 4) which combines with the 
Ettingshausen effect and may be equal to many per cent of the latter. 
It is not practicable to measure this disturbing temperature-gradient 
by means of the junctions 1’ to 5’ on PP and then eliminate the Righi- 
Leduc factor by calculation, for the longitudinal electric current 
which is flowing along the plate precludes the use of these junctions 
for thermo-electric measurements. 

Nor is it practicable to measure accurately the longitudinal tem- 
perature-gradient by means of the junctions 2” and 4”, for it cannot 
be safely assumed that either of these junctions has the same tempera- 
ture as the part of PP over which it hes. It cannot even be safely 
assumed that the temperature gradient indicated by use of the junc- 
tions 2” and 4” bears a constant ratio to the true gradient when this 
gradient is changed in magnitude or direction. The best that we can 
do is to try, by controlling the temperatures of the water streams 
passing through the right-hand and the left-hand blocks BB, respec- 
tively, to keep the temperature gradient along PP constant in magni- 
tude and direction during reversal of the direction of flow of the electric 
current along PP. 

The indications given by the junctions 2” and 4” may enable us to 
do this, though they cannot tell us just how great this gradient is. 
If we can keep this constancy of temperature gradient along PP, we 
can, by combining the apparent Ettingshausen effect observed when 
the electric current runs east along the plate with the apparent 
Ettingshausen effect observed when the electric current runs west 
along the plate, eliminate the Righi-Leduc error from our final 
Ettingshausen value. But this operation must, to be successful, be 
conducted with very great care. A temperature gradient of 0.1° per 
em., will make a difference of perhaps 20% in the apparent value of 
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the Ettingshausen effect. This explains the need of such detailed 
precautions as those I have been describing. Even different pieces 
of commercially pure copper wire will show disturbing differences of 
thermo-electric quality under the conditions here dealt with. 

The temperature-equalizing disks d (Figure 5) are a recent feature 
of my arrangements. It was not used in my study of the Ettings- 
hausen effect in copper. 

The s in Figure 5 is a slip of bakelite carrying a single turn of fine 
copper wire which can be made part of one of the thermo-electric 
circuits, in order to minimize the induction throw of the galvanometer 
index when the magnetic-field circuit is made or broken while the 
galvanometer circuits are closed. As a rule, however, I make a prac- 
tice of breaking the galvanometer connections before closing or open- 
ing the magnet circuit. 


THE ELEcTRO-MAGNET 


BB and BB in Figure 7 are brass plates at the ends of the magnet 
coils. The windings of these coils are of bare copper strip of rectangu- 
lar cross-section, 34 inch by %@ inch, suitably insulated from each 
other. Two of these windings are indicated by the rectangles w and w 
of Figure 7. CC and CC in the same Figure are the soft iron cores 
(“4A RM C0’) of the coils, 8.1 em. in diameter. Through each core 
runs a cylindrical hole, b., in which is placed a close-fitting brass tube 


lic. 8. Figure showing a brazed junction of two copper strips of the magnet 
coil. 


‘arrying a stream of cold water, the object of which is to keep the 
temperature of the cores from rising too far. This temperature was 
usually a few degrees above that of the room. 

The process of winding the coils presented a mechanical problem 
which was solved as follows: Two copper strips, each 5.64 m. long, 
were brazed together at one end in the manner indicated by Figure 8. 
One of these strips was wound in one direction and the other in the 
opposite direction, with thin insulating material between, on a thin 
insulating hoop just large enough to slip easily on the core of the mag- 
net. This gave a “pan-cake” coil two turns wide, or long, and 
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twelve turns deep. The complete coil for each core consists of five 
such “pan-cakes”’ connected to each other in series. The length of 
copper strip in each coil is about 56.4 m., and the resistance of the 
two coils in series is about 0.04 ohm. 

By the test coil and ballistic-galvanometer method data were found 
for plotting a curve showing the relation between intensity of the 
magnetic field and strength of the magnetizing current. 


THE TEMPERATURE-CONTROLLED WATER-STREAMS 


These water-streams, to which reference has been made, come from 
three thermostated tanks, each of about 11 liters capacity, which 
stand on a shelf some feet higher than the electromagnet. On a lower 
shelf there is beneath each tank a rotary pump which takes water from 
that tank, sends it through some channel of the apparatus carried by 
the board WW WW, in Figure 5, and back into the tank. The 
water-stream from one tank divides after passing through its pump, 
thus furnishing two streams for the two magnet pole-caps. One of 
the other tanks sends a stream through the right-hand, the other 
through the left-hand, BB in Figure 5. 

To prevent trouble from electric leakage by way of the water- 
circuits care is taken to have a considerable length of the stream in 
each circuit run through a rubber tube. Frequent measurements of 
insulating resistances between circuits requiring insulation from each 
other showed numbers running from 500,000 ohms upward. 


THE DIFFERENTIAL GALVANOMETER 


The galvanometer used for measurement of the transverse effects 
is mechanically much like the one described by Nichols and Williams 
in Vol. 27 (1908) of the Physical Review, but is different in its mode 
of winding. The coils have the form of two pairs of truncated cones, 
or frustums, an upper pair and a lower pair, corresponding to the 
upper and the lower set of needles of the astatic suspended system. 
The bases of each pair face each other. Each frustum is wound double, 
so that it really consists of two independent, but interpenetrating, 
coils almost identical in shape and size. Thus there are in all eight 
independent coils, and for each such coil there are two independent 
binding posts. This arrangement makes possible a_ considerable 
variety of combinations, with a resistance varying from about 0.5 to 
about 30 ohms. In particular it lends itself to differential use, such as 
is needed in measurement of the Ettingshausen effect and the Righi- 


Leduc effect. 
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The galvanometer is enclosed by four cylindrical soft-iron shields, 
having a total thickness of about 3.5 em. <A much greater total 
thickness would be needed to protect the instrument completely from 
disturbing magnetic forces. 

The sensitivity of such a galvanometer is much affected by change 
of temperature, and to lessen trouble from this cause the instrument 
is enclosed in a wooden closet containing a device for thermostating 
the air. 

In spite of these control arrangements the sensitivity of the instru- 
ment may change several per cent within a few hours, and it must 
therefore be measured frequently. 


THE THERMO-ELECTRIC COUPLES 

‘These were of commercial copper wire against “ Advance,” a variety 
of constantan furnished by the Driver-Harris Company. ‘Tests of 
these couples which | made with the temperature intervals 0° C. to 
50° C. and 0° to 100° showed that I could with sufficient accuracy for 
my purpose use the tables for copper-constantan published by L. H. 
Adams (Jour. Amer. Chem. Soc., vol. 36’, 1914, pp. 68-69), provided 
I applied to his temperature intervals giving 0.0001 volt a constant 
factor. This factor is 1.008 when I use my no. 36 constantan, as I do 
at the most vital points, but is about 1.07 for my no. 32 constantan 
and about 1.05 for my no. 28 constantan, against copper in all cases. 
This indicates that a couple made of my no. 36 constantan against 
my no. 32 constantan would have an e.m.f. about 6 per cent as large 
as that of a copper-constantan couple. 

Two couples made of my no. 36 constantan against copper agreed 
very closely with each other. 


MEASUREMENT OF THE TRANSVERSE EFFECTS 


Some of my measurements on copper were made as early as 1933, 
but I had great difficulty with the Ettingshausen effect and in 1935, 
remembering that Professor Noel Little of Bowdoin College had 
found! that in a non-uniform magnetic field there may be air currents 
due to the magnetic quality of oxygen, I decided to enclose my 
electromagnet in a vacuum-chamber, or at least one of greatly reduced 
air pressure. As the walls of this chamber are for the most part of 
steel about one quarter of an inch thick, this change required remeas- 
urements of the strength of the field between the poles of the magnet, 
as a function of the strength of magnetizing current. It was found, 
however, that the steel shell affected the magnetic field but little. 


1 Physical Review, vol. 2 (1927), p. 901. 
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I have since this change, worked as a rule with an air-pressure of 
about one two-hundredth of an atmosphere within the chamber. 
This should reduce the heat-convection influence of the air currents 
to a negligible value. But, as I shall show in discussing the Righi- 
Leduc effect measurements, the use of this device has made little, if 
any, difference in the effects observed. It was well to try it, but I 
doubt whether I shall use it much hereafter. One disadvantage in 
its use is that, if any rubber tubes carrying hot water, or even heated 
hard-rubber plugs, lie within the vacuum-box, sulphur given off 
from them attacks the copper wires exposed to it. A coating of some 
kind (I have used glyptol) is needed to protect them, and the copper 
plate also was protected in the same way. 

On account of the bad appearance of some of the fine-wire connec- 
tionson the plate, allof these connections were renewed, with new wires, 
about the first of September 1936. The end connections of the plate 
with the blocks BB were renewed at the same time. Especial pre- 
cautions were taken at that time to protect the wires. In December, 
1936, the two most vital junctions, those at the upper and the lower 
edge of the copper plate, were replaced once more. In January, 1937, 
the rubber tubes previously used within the vacuum-box were re- 
placed by copper tubes. 


The Hall Effect: I shall give details only for the observations made 
in 1937. The first column in the Table 1 gives the date of the work. 
al, is the strength, in amperes, of the longitudinal current through the 
plate, put in the HW” column when this current ran west and in the / 
column when it ran east through the plate. // is the strength of the 
magnetic field in gauss. FE is the fraction of a volt required to produce 
a deflection of 1 cm. on the scale of the galvanometer through the 
resistance, about 400 ohms, of the Hall effect circuit. 7 is the tem- 
perature of the mid-point of the upper edge of the plate, determined 
by means of a copper-constantan couple, one junction of which was 
attached to the plate at the point mentioned while the other was in a 
thermostated water-tank the temperature of which was not many 
degrees different from that of the plate. It is assumed that 7’ gives 
nearly enough, within a few tenths of a degree, the temperature of the 
middle cross-section of the plate. R is the Hall effect coefficient as 
measured, before a certain correction, presently to be discussed, is 
applied. 

These observations seem to indicate a slight increase in the value 
of R with rise of temperature. 

Seven other measurements, each involving a Wo and an F direction 
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TABLE 1 

Date (W) A, (EB) H EXx10 T R X 104 
Feb. 26, 129.1 11370 1.423 22.7°| go —4.98|_4 99 
Feb. 26, ’37 130.2 11440 1.442 22.6°  —§.00 
Feb. 20, ’37 128.2 11310 1.463 57.1°\ —5.10\_5 gy 
Feb. 20, °37 129.9 11400 1.451 57.1° —4.98 
Feb. 12, ’37 128.9 11320 1.276 91.4°| 9) go —5.09\_ 
Feb. 12, ’37 128.5 11250 1.258 91.4° —5.06f 


of A,, ranging in time from August, 1933, to October, 1935, with 
values of 7 varying from 27.5° to 22.4°, gave values of R X 104 
between limits — 5.01 and — 4.90, the means being, for 7’, 24.0°, 
and for R & 104, — 4.954. 

Four other measurements, the first in October, 1933, and the last in 
January, 1934, gave the following means: for 7’, 53.9°, and for R X 104, 
— 4.952. 

Eight other measurements, the first in November, 1933, and the 
last in February, 1934, gave, as means, 7 = 91.4° and R X 10¢ = 
— 4.965. 

It is to be remembered that between the date of the last measure- 
ments referred to in the three preceding paragraphs and that of the 
first of those recorded in Table 1 all the connections of the eopper plate, 
including the end connections, were renewed. It is probable that the 
conditions of the later measurements were somewhat better than those 
of the earlier ones, but I shall give them all equal weight in estimating 
the values of R at the various temperatures. Combining them I get 
the following mean values: 


TABLE 2 
‘Temperature X 104 
23.8°, or 24.° —4.959, or —4.96 
54. 5° —4.970, or —4.97 
91.4°, or 91.5° —4.977, or —4.98 


There is still a trace of evidence indicating that RF increases slightly 
with rise of temperature, but not enough to make sure. 

Of the various corrections discussed at some length in my paper of 
1925, already referred to, the only one that seems to be called for here 
as applicable to the Hall effect in copper is that, called correction (5), 
which takes account of the limited width of the magnetic field and the 
limited length of the copper plate exposed to that field. My previous 
estimate of this correction was 8%, additive, and though the greater 
thickness of the plate now used may suggest some reduction of this 
estimate I shall use it here, getting the amended and final figures: 
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TABLE 3 
Temperature R X 
24° —5.36 
54.5° —§.37 
91.5° —5.38 


The fact that correction (b) is of about the same per cent magnitude 
for all of the transverse effects reduces the importance of exactness in 
the estimation of this correction. That is, an error here will leave 
nearly unaffected the ratios of the various effects. 


The Ettingshausen Effect: This, as I have already indicated, is by far 
the most difficult of the four to measure, partly because it is small and 
still more because it is usually accompanied by an accidental Righi- 
Leduc effect. The device by which I sought to eliminate error due to 
this cause from the mean value of P given by any “ pair” of observa- 
tion series, one made with the plate current running west and the 
other with the current running east, has been described in the dis- 
cussion of junctions 2” and 4” shown in Figures 5 and 5a. When my 
observations with these junctions indicated that the longitudinal 
temperature-gradient in PP was not appreciably the same for both 
directions of A,, I made by calculation the usually small correction 
that seemed to be called for. 

Whatever degree of accuracy I finally attained in my study of the 
{ttingshausen effect, I have good reason for rejecting all of my 
‘arlier measurements, and I shall use none of those made _ before 
January 18, 1937. The value of A, in the later measurements was 
about 128.5 amperes, that of H about 11,300 gauss, that of F, the 
e. m. f. required to produce a galvanometer deflection of 1 em. through 
the resistance of an Ettingshausen circuit, about 6 X 1078 volt. 

In Table 4 the direction of flow of the A, is indicated by the letter 
Wor EF. It is to be noted that the individual values of P in a W and 
FE “pair” may differ widely, because of the Righi-Leduc disturbance, 
without greatly affecting their mean. 

The data of this Table show a decided increase of the Ettingshausen 
effect with rise of temperature, but the three mean values of P, when 
plotted against the temperatures, would not fall upon a straight line. 
They would do so if the value found at 56.7° were increased about 1.4 
per cent, or the values found at 22.5° and 91.4°, respectively, decreased 
by corresponding amounts. I have no warrant for making such 
changes and must let the figures stand as they are, though I feel no 
assurance that the P-—T line is a curve of the form here indicated. 
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TABLE 4 


Date A, PX 10° Date A, 7’ P xX 10° 
1/18 W 22.1 —1.531\_) 245 1/20 W 56.6 413 
1/19 EB 22.1 1/21 K 56.2 —1.384) 
2/2 E 22.7 —1.296/ 1/30 E 56.6 —1.453) 
2/3 E 22.7 —1.296|_, 997 2/6 W 57.0 -1.391\_ 
2/4 W 22.8 2/8 E 56.5 —1.524f 
2/28 W 22.8 —1.357|_, 2/18 W 57.1 —1.548 
2/24 E 22.5 —1.304/ 2/19 E 57.0 —1.330 
22. 5° —1.328 56.7° —1.429 
= = 
0.007 0.008 
Date A, T P X 10° 
1/26 E 91.1 —1.414, 
1/27 E 91.2 —1.566|_ 
1/28 W 90.8 ~1.571) 
2/11 W 91.4 —1.603/ 
2/16 W 91.2 —1.633|_| 
2/17 91.3 —1.496) 
91. 4° —1.570 
0.010 


The “ probable error” of each of the three mean values found for P is 
less than 1 per cent of the value, but there may, of course, be errors 
which the magnitude of the “ probable error” does not hint at. 

As to corrections of the kind discussed in my 1925 paper, one, (b), 
already applied to the observed Hall effect values of the present paper, 
is called for here, an increase of 8 per cent in the observed values of P. 
Of the others, the only one that appears to need consideration is (f), 
which is defined by the following quotation from my earlier paper: 
‘My view of the matter is that the Ettingshausen effect or the Righi- 
Leduc effect is all the time tending to increase the transverse tempera- 
ture-difference and that the heat conductivity of the plate . . . , 
assisted by the conductivity of the packing lying between the plate 
and the pole pieces, tends to reduce it. What we measure is the com- 
promise result of these tendencies. We are now concerned with the 
question how much greater this difference would be if, other things 
being equal, the packing were thoroughly non-conductive for heat.”’ 
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An approximate estimate for this correction can be found thus: 
Let cc in Figure 9 represent a section of the copper plate lying between 
two vertical planes parallel to the axis of the magnet and 0.1 cm. 
apart. Let P and P represent the opposed faces of the pole-caps, the 
space between cc and either P, 0.25 cm. wide, being occupied by the 
cotton packing. Let the top end of cc be t° warmer than the bottom 
end, and assume, for our immediate purpose, a uniform gradient of 
temperature from top to bottom. Assume that the P surfaces are at a 
uniform temperature equal to that of the middle height of cc. 

If 6 is the thermal conductivity of copper, cc being 2 em. long and 
().01 sq. em. in area of cross-section, we shall have, as the amount of 
heat carried downward through ce by its own conduction in one second, 
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hic. 9. Figure indicating the packing between the copper plate and the 
pole caps. 


h = 6 (0.01+ 2) t. Meanwhile heat flows out from the upper half of 
cc through the packing to the surfaces P and P, and the same amount 
flows back through the packing from P and P to the lower half of cc. 
If 6’ is the thermal conductivity of the packing, the amount of heat 


which it carries per second is h’ = 6’ (0.2 + 0.25) < The ratio of the 


amounts of heat carried by the packing and the copper, respectively, 
is h’ + h = 40 (0’ + 6). The value of 6 may be taken as 0.9 and that 
of 6’, according to Kaye and Laby and my own previous observations 
(1925 paper), as 0.0002, which makes h’ + h = 0.01 approximately. 

This may be taken as indicating that the temperature-gradient at 
mid-height of cc is about one per cent less than it would have to be if 
it carried all the heat now carried in part by the packing. But we 
cannot from this conclude that the mean temperature-gradient from 
top to bottom of cc is reduced to this extent. The gradient must be 
somewhat steeper at the top and the bottom of cc than at the middle, 
to take care of the outflow and the inflow through the packing. I 
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shall assume that the correction called for is an addition of 0.5 per 


cent to the observed value of P. 
Thus corrections (b) and (f) add 8.5 per cent to the observed P 
values, giving, as final values, 


TABLE 5 


‘Temperature P X 10° 
22.5° —1.441 
56.7° — 1.550 
91.4° —1.703 


The Nernst Effect: In dealing with the Nernst and the Righi-Leduc 
effects the main difficulty is presented by the longitudinal temperature- 
gradient, usually about 0.8° C. per cm. As I have already shown in 
discussing Figure 5, this gradient is studied thermo-electrically by 
means of fine (no. 36) constantan wires soldered to the copper plate 
at the points 1’, 2’, 3’, 4’, 5’, with 1 cm. intervals. Unfortunately 
these junctions of copper and constantan are not the only sources of 
thermo-e. m. f. in the measurement circuits, and the resulting dis- 
turbances are not usually equally great in the different circuits, the 
1’-2’ circuit, the 2’-3’ circuit, ete. The observations, made by a null 
method, with the various circuits will give, approximately, the tem- 
perature intervals between points 1’ and 2’, 2’ and 3’, ete., but these 
temperature intervals will not usually indicate a smooth temperature- 
gradient curve along the copper plate. By making two curves, one 
for a westward and one for an eastward flow of heat through the cop- 
per, and studying these curves carefully I made what I believed to be 
a reasonably accurate estimate of the average temperature-gradient 
existing at mid-length of the plates during a double set of observations; 
that is, one set made with a W flow and the other with an FE flow of 
heat. I plotted and studied a pair of curves for each of the three mean 
temperatures of my observations. This was my procedure previous 
to 1937. 

About April 5, 1937, I made an improvement in my apparatus by 
introducing the device, already described in the discussion of Figures 
5 and 7, for equalizing the temperatures of the junctions where the 
no. 36 constantan wires leading from points 1’, 2’, ete., on the plate 
meet the no. 28 constantan wires. I now used also a thermostated 
oil-bath for the junctions where the no. 28 constantan wires meet the 
copper wires of the galvanometer circuit. 

With these bettered conditions I found on combining W and E 
observations that the longitudinal temperature-gradient could be 


% 
. 
2 
i 
< 
ty 
‘ : 
4 
x 
q 
— 


322 HALL 


taken as uniform between points 1’ and 5’, and in later practice I 
measured this gradient by observations with the 2’-4’ circuit alone. 

My Nernst effect measurements lie in two groups, those of 1934 or 
1935 and those of 1937. In the meantime all the connections with the 
copper plate had been broken and renewed. I shall give equal weight 
to the mean values of the two groups at the given temperatures. [| 
thus get Table 6. 


TABLE 6 
xX 104 T 
Irom the measurements of 734 or 735 —2.001 at 24.8° 
From the measurements of 1937 —1.990 at 25.0° 


Means —1.995 at 24.9° 


From the measurements of 734 or ’35 —1.935 at 54.1° 
From the measurements of 1937 —1.965 at 54.6° 


Means —1.950 at 54.4° 


l'rom the measurements of 734 or 735 —1.869 at 84.5° 
l'rom the measurements of 1937 — 1.866 at 83.7° 


Means —1.868 at 84.1° 


The mean values thus found at the various temperatures show a 
small decrease of @ with rise of temperature. These values when 
plotted against temperatures do not lie on a straight line, but I do not 
attach importance to that fact. Lowering the mid-temperature value 
of @ about 1 per cent would make the line straight. I could find a 
more or less plausible excuse for doing this but prefer not to use it. 

The one correction to be applied here is (b), the same as in case of 
the Hall effect, an increase of 8 per cent. This makes the final values: 


TABLE 7 


‘Temperature X 10* 
24.9° —2.155 
54.4° —2.106 
84.1° —2.017 


The Righi-Leduc Effect: Before giving detailed results of my measure- 
ments of this effect I have to mention certain questions to which 
variations of procedure in these measurements gave the answers. 

All my measurements of the four transverse effects except the 
Righi-Leduc measurements of May 13, 1937, were made at one- 


“y 
4 

~ 

‘ 

Rav 
‘ 
~ 

hes 

ee 

rik 
heed 
4 


THE FOUR MAGNETIC TRANSVERSE EFFECTS IN COPPER 323 


minute intervals, thus giving about 50 or 55 seconds, after application 
of the magnetic field, for the conditions in the copper plate to become 
steady. The build-up of the magnetic field to full strength required 
a perceptible time, perhaps as much as 10 seconds, and it cannot be 
assumed that the transverse temperature-gradients, the Ettingshausen 
and the Righi-Leduc effects, reach full value as soon as the field- 
strength does. In fact, I had some doubt as to whether one-minute 
intervals were long enough in the case of these two effects. So on 
May 13, 1937, I made observations of the Righi-Leduc effect at one 
and a half-minute intervals, thinking I might find a greater value of 
S in this way. I found in fact a somewhat smaller value than usual, 
as figures presently to be given will show, and concluded from this 
evidence that the one-minute intervals had been satisfactorily long 
for my purpose. 

It is to be noted that, while all of the Righi-Leduc measurements of 
1934 or 1935 were made at full atmospheric pressure, the 1937 meas- 
urements, except those of May 12, were made with a very much 
reduced air-pressure about the plate. The fact that so little change 
in the observed value of S occurs with change of air-pressure from 76 
cm. to 0.5 em. of mercury makes it doubtful, as I have already said, 
whether the use of reduced air-pressure is called for in these measure- 
ments. Reduction of air-pressure should reduce the disturbance due 
to the convection, as distinguished from the conduction, of heat in 
the neighborhood of the plate. Possibly with a metal of lower thermal 
conductivity than copper convection might be more important. 

Three double-set (I” and E) measurements made in 1934 or 1935 
under full atmospheric pressure gave the following mean values: 
temp. = 24.7°, S x 107 = — 2.491.° 

Giving the 1937 data in some detail I get Table 8. 


TABLE 

Date Temp. SX 10' Air-press. Intervals 
Mar. 1 25.0 —2.491 0.4 em. 1 min. 
May 11 24.9 — 2.486 0.5 em. 1 =min. 
May 12 25.0 —2.514 76. cm. { min. 
May 13 25.1 —2.454 0.5 em. 1.5 min. 
Means 25.0° —2.486 


Combining these means of four measurements with those given 
above for three measurements, and giving all the individual measure- 
ments equal weight, I get 


Temp. SX 10° 
24.9° — 2.488 


At the mean temperature, near 54°, I made five measurements in 
1934 and 1935, all at atmospheric pressure, getting as means 53.9° 
and —2.266. The one measurement of 1937, with air-pressure 0.4 
em., gave 54.7° and —2.241. Combining these values, giving equal 
weight to all individual measurements, I get 


Temp. SX 10° 
54.0° — 2.262 


At the high temperature I made four measurements in 1934 and 
1935, all at atmospheric pressure, giving the means 84.4° and —2.091, 
and one measurement in 1937, at 0.4 cm., getting 83.5° and —2.120. 
Combining these values, giving equal weight to the individual meas- 
urements, I get 


Temp. SX 10° 
84.2° — 2.097 
The correction to be applied to S values is the same as that made 


with the P values, 8.5 per cent to be added. This gives as final 
Righi-Leduc effect values 


TABLE 9 
Temp. SX 10? 
24.9° —2.699 
54.0° —2.454 
84. 2° —2.275 


The 54° value of S would have to be raised rather more than one 
per cent to make all the S values lie on a straight line when plotted 
against temperatures, but I have no good reason for making such a 
change. Here, as in the case of the Ettingshausen effect and the 
Nernst effect, the question whether the temperature coefficient is 
constant is left in doubt by my measurements. 


Plotting temperature curves for all the effects except R, for which 
such a curve is unnecessary, I get the following table of values for 
three temperatures: 
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TABLE 10 


Temp. RX 10! P X 10° S 10° 
25° —5.36 —1.446 —2.155 —2.698 
55° —5.37 —1.544 —2.104 —2.448 
85° —5.38 —1.674 —2.014 —2.272 


An application of these values in equations given by the author’s 
dual theory of conduction was published in the Proceedings of the 
National Academy of Sciences for December, 1937, pp. 600-603. 
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